Introduction
One of the main advantages of radionuclide angio-",....
• , . , , graphy is the possibility of studying patients during Radionuclide angiography is a non-invasive tech-°* f / *" \ , , , For first-pass acquisitions, the use of a tracer remaining in the vascular space during first transit such as technetium 99m pertechnetate suffices. The short-lived radioisotopes recently proposed for firstpass angiography belong to this category: tantalum-178 (t/2:9-3 min), iridium-191m (t/2:4-9 s), gold195m (t/2:30-5 s) or H2 150 (t/2:2 min)" 112 '.
CAMERA-COMPUTER SYSTEM
Current generation scintillation cameras can provide adequate homogeneity, linearity and count rate for quantitative studies. An all purpose or high sensitivity collimator is needed to permit collection of sufficient counts in a time short enough to detect transient changes in ventricular function during exercise (2 min acquisition time seems adequate). The potential resolution of these collimators is only around 10 mm at the depth of the left ventricle but this is adequate to detect even small changes in cardiac function. The digital nature of the gamma camera data (counts, time, X-Y location) facilitates its transfer to a computer. This is done either in list mode or fast frame mode for first-pass and in gated mode for equilibrium studies. The ECG signal is then used to synchronize the data and provide the reference needed to reconstitute 16 to 64 frames encompassing the average cardiac cycle.
FIRST-PASS TECHNIQUE
First-pass studies are best performed in the anterior projection to visualize the long axis of the left ventricle and to obtain good separation between the atria and ventricles while minimizing camera distance. In the technique presented by Janowitz and Fester, left and right ventricular regions of interest are created to measure the total stroke counts ejected by both ventricles during the transit of indicator 18 '. Individual beat by beat stroke counts are summed or a stroke count per heart beat curve is plotted (on semi-log paper) and extrapolated exponentially to account for loss of data in late cycles due to overlap of both ventricles. Using this method, they find comparable left and right ventricular stroke counts in normal subjects as well as excess left ventricular stroke counts in patients with left-sided regurgitation. They observe an excellent correlation between the angiographic and scintigraphic estimates of regurgitation 181 .
EQUILIBRIUM TECHNIQUE
Equilibrium studies are performed in the left anterior oblique projection, after equilibration of the tracer. Use of a small detector (20 cm) or of a slanthole collimator can permit the necessary craniocaudal tilt and facilitates positioning that provides separation of the four cardiac chambers" 31 . The adequacy of positioning, usually a 35 degrees LAO must be verified using the persistence scope and later on functional images (mainly the Fourier amplitude image).
Processing of the average cardiac cycle first consists of normalization for the variable acquisition times resulting from cardiac arrhythmias during acquisition" 4 '. Temporal and spatial smoothings of the images follow which are helpful in recognizing cardiac borders. Although automatic programmes have been proposed for the definition of the left ventricular area of interest, none is satisfactory for the right ventricle. We therefore prefer to trace the regions of interest by hand relying heavily on the information provided by the functional images. Fourier phase and amplitude images are particularly useful. They do not require preliminary information such as the time of systole and account for all volume variations irrespective of timing. We trace the left ventricular, right ventricular and background regions of interest by concomitant examination of four images, the end-diastolic image, the end-systolic image, and the Fourier phase and amplitude images. Only the diastolic regions of interest are used to calculate the stroke volume ratio while the background and systolic regions of interest serve for the ejection fraction. We prefer the use of single region of interest over both ventricles rather than end-systolic and end-diastolic regions of interest. Indeed, we found that the improved accuracy of the latter technique in normal subjects was associated with an increased complexity and a higher measurement variability 191 . The use of functional images enables to define the smallest smallest region of interest that includes all stroke counts. Calculation should not however be done on functional images but rather on the left and right ventricular volume curves. It is specially true for the amplitude image as this reflects count variations that do not contribute to stroke volume. Gross inaccuracies may therefore result in patients with asynchronous contractions of dyskinetic regions as frequently observed in coronary artery disease, in cardiomyopathies or in patients with marked left ventricular dysfunction.
PARAMETERS CALCULATED

Ventricular volumes
Estimation of ventricular volumes can be either relative or absolute 16 " 71 . Relative volume can be directly obtained through consideration of ventricular counts, all volumes being standardized to the enddiastolic volume at a given time. Absolute volume can be measured through geometric or count-based method. The latter cannot be used for first pass studies as the tracer concentration varies during each diastole. Geometric measurements depend on accurate border recognition and the assumption of the ellipsoid formula. The count-based method can be used with equilibrium studies. It consists first of count normalization for the time of acquisition, radioactive decay and tracer concentration. This is done by comparison with a blood sample drawn during acquisition. Calculation of absolute volume further depends on correction for attenuation both within the ventricle and in the chest wall. Several methods have been devised to estimate mean ventricular depth. Although quite accurate, none has achieved widespread clinical use, however, mainly because of the increased complexity.
Ejection fraction
The ejection fraction (EF) is calculated on the left and right ventricular volume curves after background correction, according to the classical formula:
where EDC is end-diastolic counts and ESC is end-systolic counts.
Stroke volume ratio
The stroke volume ratio (SVR) is simply the ratio of the left ventricular (LV) stroke counts over the right ventricular (RV) stroke counts taken as reference (provided no concomitant right ventricular volume overload occurs):
where DC and SC are diastolic and systolic counts, respectively. As we prefer to keep the reference stroke volume in the denominator, we use an inverted ratio to assess patients with right ventricular volume overload:
SVR = RV-DC -RV-SC LV-RC -LV-SC
Regurgitant fraction
The regurgitant fraction (RF) is the fraction of the stroke volume that is regurgitated. It can easily be calculated as: RF = LV stroke counts -RV stroke counts LV stroke counts A more general formulation:
where x is 1 or rather the mean SVR in normal subjects allows adjustment of the regurgitant fraction to each laboratory's normal values and permits the assessment of left and right ventricular volume overload by LV/RV or RV/LV ratio keeping the reference output in the denominator 
Regurgitant stroke volume (RSV) to end-diastolk volume {EDV) ratio
To assess the functional importance of regurgitation and more importantly to evaluate the potential for left ventricular volume regression after successful valvular replacement, Levine and Gaasch have proposed the calculation of the RSV/EDV ratio 1171 . This ratio can be calculated through radionuclide angiography without determination of absolute volume. Indeed the regurgitant stroke volume equals regurgitant fraction times total stroke volume and total stroke volume equals ejection fraction times end-diastolic volume. Therefore RSV EDV = RF x EF, both RF and EF being normalized parameters. Calculation of the RSV/ESV volume ratio might also be useful as the end-systolic volume is less dependent on the regurgitant stroke volume than the end-diastolic volume. It could be obtained as: ESV 
-EF
Limitations of the techniques--future developments
Limitations of the techniques are twofold. First, the techniques are unable to evaluate complex lesions adequately. If both ventricles are overloaded, the method will lack a reference ventricle; in case of combined valvular regurgitation, mitral and aortic for instance, the combined repercussions are assessed and there is no possibility of separating the effects of each lesion.
Second, there is a difficulty in adequately separating the left and right ventricles from each other and from the surrounding structure. This is specially true for the right atrium which cannot be completely separated from the right ventricle. This overlap can, however, be identified on the amplitude image as the combination of discordant phase result in a reduced or absent amplitude. Overlap is also true for the right ventricular outflow tract which is usually superimposed on the image of the ascending aorta. This results in a rather wide range of normal values, thereby reducing the sensitivity and specificity of the technique 1181 . Although the immediate reproducibility is good, long-term reproducibility might be influenced by changes in the biventricular geometry. Also the determinants of ventricular regurgitation independent of the valve orifice are many and complicate the issue of long-term reproducibility.
Gated blood pool tomography although more complex to acquire and analyse has potential for more accurate volume determination and for better ventricular separation 1 "'. This is also the case for nuclear magnetic resonance which has already been shown to provide precise determination of both left and right ventricles with a stroke volume ratio close to I' 201 . The use of these tomographic techniques during exercise appears impossible, however.
Clinical results
RESULTS OF RESTING STUDIES
Results in normal subjects
The stroke volume ratio in a series of 24 subjects without any sign of valvular lesion and in whom an adequate study could be obtained was l-20± 015 SLV 
Results in patients with valvular regurgitation
Several groups have reported a good correlation between scintigraphic and angiographic regurgitant 1 fraction or qualitative results. In patients with chronic regurgitation, severe regurgitation corresponds to a stroke volume ratio of approximately 4 or a regurgitant fraction of around 0-7. We took moderate regurgitation to be in the range of ±2 stroke volume ratio or a regurgitation fraction of 0-4. Mild regurgitation probably cannot be adequately separated from normals using this technique. Patients with acute regurgitation should not be Quantification using radioisotopes 67 assessed using this scale, however, as the absence of atrial or ventricular dilatation limits the regurgitant volume independent of the severity of the valvular lesion.
Studies of tricuspid regurgitation with radionuclide angiography are few 12 ' ~ 22] . Indeed, the stroke volume ratio is seldom applicable as most patients have concomitant left-sided valvular lesions. Recognition of tricuspid regurgitation is possible however through the observation of phasic count variations in the liver blood pool.
After valvular replacement, the decline of the regurgitation fraction can be demonstrated in successful cases'
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. Residual regurgitation due to paravalvular leakage or prothesis dysfunction can be separated from ventricular dysfunction as a cause of persistent or recurrent failure.
VENTRICULAR ADAPTATION DURING EXERCISE
Aortic regurgitation
There are 4 determinants of the aortic regurgitant flow: the size of the aortic orifice during diastole, the duration of the diastole per beat (a function primarily of heart rate) and the pressure in the aorta and left ventricle during diastole. Increasing the heart rate with atrial pacing leads to a reduction in ventricular volume and regurgitant flow 1271 . During exercise, a decreased regurgitant fraction can result from changes in diastolic duration as well as from an increase in the left ventricular diastolic pressure. These latter changes are most prominent in patients with severe aortic regurgitation or when produced by isometric rather than by dynamic exercise 1281 . These changes in regurgitant fraction alter end-diastolic volume and preload and influence the ejection fraction response to exercise. In patients with aortic insufficiency, a drop in ejection fraction cannot therefore be interpreted to represent decreased left ventricular function without knowledge of the changes in end-diastolic volume, regurgitant volume and most importantly end-systolic volume.
Among patients with aortic insufficiency, three exercise pattern are common' 291 : An increased ejection fraction resulting mainly from a decreased endsystolic volume is a normal response and reflects mainly mild to moderate well tolerated regurgitation. A decreased ejection fraction with an increased end-systolic volume is an abnormal response that reflects exercise-induced left ventricular dysfunction 1301 . A decreased ejection fraction can also occur despite a diminution of the end-systolic volume because of a marked reduction in the regurgitant and end-diastolic volumes. This pattern is mainly observed in young patients with a large aortic regurgitation. End-systolic volume changes during exercise rather than ejection fraction changes should therefore be considered when evaluating the exercise tolerance of patients with valvular regurgitation. The end-systolic pressure over end-systolic volume ratio should also prove more useful.
Mitral regurgitation
Few exercise studies have been reported in mitral regurgitation. Although Bassand et a/.
1311 observe an increase in regurgitation, Henze et al. report a decreased regurgitant fraction in mitral regurgitation as well as in aortic regurgitation'
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. The right ventricular ejection fraction response to exercise differs, however, for these authors: it frequently tends to decrease in mitral regurgitation. This difference could reflect technical factors or more severe changes in pulmonary artery pressure consecutive to greater left ventricular contractile dysfunction unmasked by changes in its loading conditions.
Here again analysis of all volumes (including the right ventricle) and of the end-systolic volume pressure index should be more useful than simple consideration of the ejection fraction changes. Concomitant analysis of pulmonary blood volume during exercise should also be performed.
CLINICAL VALUE OF RADIONUCLIDE ANGIOGRAPHY IN PATIENTS WITH VALVULAR REGURGITANT LESIONS
Although the diagnosis is usually evident, clinical evaluation of patients with mitral and mainly aortic incompetence and the timing of surgery remain difficult. Indeed, compensatory changes can mask the development of left ventricular dysfunction and delay the onset of symptoms. Evolution of left ventricular ejection fraction, left ventricular volumes, systolic wall stress, regurgitant fraction and right ventricular ejection fraction may help precise the stage of the disease or document its evolution. Such precise determination appears most useful in patients with volume overload and severe ventricular dysfunction.
Radionuclide angiography provides a useful tool to study the natural history of the disease, the degree of tolerance to valvular regurgitation and the predictors of evolution.
At an early stage, detection of a diminished left ventricular reserve and of exercise-induced dysfunction is important if one wishes to avoid the development of irreversible ventricular damage before surgery. We have seen that the ejection fraction changes suggested by Borer should be replaced by end-systolic volume changes or more complex parameters. Concomitant analysis of pulmonary blood volume and of right ventricular function during exercise also appears important especially in patients with mitral valve disease 132 " 331 . Depressed right ventricular function at rest reflects both increased pulmonary vascular resistances and concomitant left ventricular dysfunction. It probably has prognostic significance and might signal an increased risk for post-operative tricuspid insufficiency.
Ventricular volume changes resulting from pacing induced tachycardia could also provide data on the ventricular response to a diminished regurgitant fraction and preload in aortic regurgitation.
Serial measurements of ventricular volumes, ejection and regurgitant fraction should also provide important data to help determine the timing of surgery. An increase in volumes, specially the endsystolic volume, in the face of a stable or decreasing regurgitant fraction provides evidence for progressing myocardial dysfunction. This could be best followed by the regurgitant stroke volume/end-diastolic volume or regurgitant stroke volume/end-systolic volume ratio as suggested by Levine and Gaasch' 171 . Changes in ventricular volume and regurgitant fraction induced by drug can also be documented by this technique. This can substantiate the rationale for the use of drugs such as converting enzyme inhibitors in patients with aortic regurgitation. It would be worthwhile to evaluate whether such drugs could alter the natural history of the disease.
After valvular replacement, radionuclide angiography is useful to document the extent of postoperative improvement and assess the cause of failure: persisting left ventricular dysfunction or recurrent valvular or paravalvular insufficiency.
Conclusions
Radionuclide angiography is a useful technique for evaluating patients with valvular regurgitation. Its main advantages are its potentials for serial follow-up and its ability to study patients during exercise. Analysis of all volumes and of ventricular interactions are more promising than the simple consideration of ejection or regurgitant fraction. The advance of radionuclide tomography and the application of these principles to nuclear magnetic resonance will further enhance the utility of this approach.
